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TITLE OF THE INVENTION 

SEMICONDUCTOR MEMORY DEVICE 

BACKGROUND OF THE INVENTION 

5 Field of the Invention 

[000 1] The present invention relates to a semiconductor memory device 
equipped with a memory cell array in which dynamic memory cells are 
arrayed, for example, in a matrix, and in particular to an apparatus that 
employs a technique for speeding up a read operation executed 
10 synchronously with an output enable signal supplied from an external 
device. 

Description of Related Art 

[0002] Typical examples of a semiconductor memory device include a 
15 DRAM and a SRAM. As is well known, the DRAM is more affordable in 
price and has a larger capacity than the SRAM, but requires a refreshing 
operation. The SRAM does not require any refreshing operation and is 
easily handled, but is more expensive and has a smaller capacity than the 
DRAM. 

20 [0003] A virtual static RAM (called VSRAM) is a known semiconductor 
memory device having the advantages of the DRAM and the SRAM. The 
virtual SRAM (sometimes also called PSRAM, Pseudo Static RAM) has a 
memory cell array of dynamic memory cells like the DRAM, and includes a 
refresh controller to perform the internal refreshing operation 

25 synchronously with an output enable signal or a write enable signal 
supplied from an external device. 
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[0004] One example of techniques of a refresh control for a virtual 
SRAM is disclosed in JP2002-74945A. 

[0006] It is preferable that a speed of reading data from a semiconductor 
memory device is high. The same is true for a virtual SRAM. 
5 [0007] In a conventional virtual SRAM, a refreshing operation is 
executed in preference to a read access operation in a read operation cycle in 
which the reading of data from an external device (hereinafter referred to as 
'read access' or simply 'access') is performed. Accordingly, the read access 
operation sometimes has to wait for the refreshing operation to be 

10 completed. This results in slowing down of an access speed in the read 
access operation. Hereinafter the read operation cycle is sometimes 
referred to as 'read cycle.' The write operation cycle, in which writing 
(hereinafter referred to as 'write access' or simply 'access') is performed, is 
sometimes referred to as 'write cycle.' 

15 [0008] The present invention is made to address the above mentioned 
problem, and to provide apparatus and techniques which achieve speeding 
up of a read access in a semiconductor memory device equipped with a 
memory cell array, for example, in which dynamic memory cells, e.g., a 
virtual SRAM, are arrayed in a matrix. 

20 

SUMMARY OF THE INVENTION 

[0009] In order to at least partially address the above mentioned 
problem, one embodiment of the present invention provides a first 
semiconductor memory device. The first semiconductor memory device has 
25 a memory cell array of dynamic memory cells; an external access controller 
which outputs an external access execution timing signal for indicating an 
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execution timing of an access operation to the memory cell array; and a 
refresh controller which outputs a refresh execution timing signal for 
indicating an execution timing of a refreshing operation to the memory cell 
array In the semiconductor memory device, an output enable signal 
5 supplied from an external device changes to active in a read cycle. A latch 
signal changes to active and then inactive to indicate latching a signal 
which is read from the memory cell array. In the read cycle, the external 
access execution timing signal changes to active triggered by the change of 
the output enable signal to active, and changes to inactive triggered by a 

10 start of the latch of the read signal caused by the changes of the latch signal 
to active and inactive. A refresh requirement signal changes to active to 
instruct an execution of the refreshing operation to the memory cell array. 
In the read cycle, the refresh execution timing signal changes to active 
according to the change of the latch signal to active while the refresh 

15 requirement signal is active, and stays active for a predetermined time 
period. 

[0010] In the above first semiconductor memory device, in the read cycle, 
the external access execution timing signal changes to active immediately 
after the change of the output enable signal to active, and changes to 

20 inactive after a start of the latch of the read signal caused by the changes of 
the latch signal to active and inactive. In the read cycle, the refresh 
execution timing signal changes to active according to the change of the 
latch signal to active while the refresh requirement signal is active, and 
stays active for a predetermined time period. Accordingly, in the first 

25 memory device, the read access operation is executed in preference to the 
refreshing operation. Therefore the access speed of the first semiconductor 
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memory device is higher than that of the memory device in which the 
refreshing operation is executed in preference to the read access operation. 
[0011] In the above semiconductor first memory device, when the latch 
of the signal which is read starts, the external access execution timing 
5 signal changes to inactive, and the refresh execution timing signal changes 
to active and stays active for the predetermined time period. Consequently, 
in the read cycle, the refresh operation can be executed during the time 
period in which the read signal, which was latched, is obtained in the 
external device. Accordingly, the read cycle of the first memory device is 
10 shorter than that of the memory device in which the time period for the 
refresh operation is set independently in the read cycle. 

[0012] In the first semiconductor memory device, a write enable signal 
supplied from an external device may change to active in a write cycle. In 
the write cycle, the refresh controller may output the refresh execution 

15 timing signal which changes to active according to a change of the write 
enable signal to active while the refresh requirement signal is active, and 
stays active for the predetermined time period. In the write cycle, the 
external access controller may output the external access execution timing 
signal which changes to active according to a return of the refresh execution 

20 timing signal to inactive; and a return to inactive according to a return of 
the write enable signal to inactive. 

[0013] In this embodiment, even in the case where the read cycle starts 
after the end of the write cycle, the read access operation is executed in 
preference to the refreshing operation. Accordingly, the access speed of the 
25 first semiconductor memory device is higher than that of the memory device 
in which the refreshing operation is executed in preference to the read 
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access operation. 

[0014] As another embodiment of the present invention, a second 
semiconductor memory device has a memory cell array of dynamic memory 
cells; an external access controller which outputs an external access 
5 execution timing signal for indicating an execution timing of an access 
operation to the memory cell array; and a refresh controller which outputs a 
refresh execution timing signal for indicating an execution timing of a 
refreshing operation to the memory cell array. In the second semiconductor 
memory device, an output enable signal supplied from an external device 

10 changes to active in a read cycle. A latch signal changes to active and then 
inactive to indicate latching a signal which is read from the memory cell 
array. In the read cycle, the external access execution timing signal 
changes to active according to the change of the output enable signal to 
active; and changes to inactive according to a start of the latch of the read 

15 signal after the latch signal changes to active and inactive. A refresh 
requirement signal changes to active to instruct an execution of the 
refreshing operation to the memory cell array. In the read cycle, the 
refresh execution timing signal changes to active according to a return of 
the output enable signal to inactive while the refresh requirement signal is 

20 active; and stays active for a predetermined time period. 

[0015] In the second semiconductor memory device, when the output 
enable signal returns to inactive, the refresh execution timing signal can 
immediately change to active and stay active for the predetermined time 
period, and the refresh operation can be executed. Accordingly, the access 

25 speed in the read cycle in the second semiconductor memory device is high. 
[0016] The present invention may be embodied in a number of modes, 
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such as, for example, a semiconductor memory device, a method for 
controlling a semiconductor memory device, and an electronic device 
including the semiconductor memory device. 

These and other objects, features, aspects and advantages of the 
5 present invention will become more apparent from the following detailed 
description of preferred exemplary embodiments with the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS. 
10 [ 0017 ] 

Fig. 1 schematically illustrates the terminal structure of a memory 
chip in one embodiment of a semiconductor memory device of the present 
invention; 

Fig. 2 shows the working status of the memory chip according to the 
15 signal levels of the chip select signal #CS; 

Fig. 3 is a timing chart showing the operations of the memory chip; 
Fig. 4 is a block diagram illustrating the internal structure of the 
memory chip according to one embodiment of the invention; 

Fig. 5 shows the timing chart for each signal in the case where the 
20 read cycles are executed in succession; 

Fig. 6 shows the timing chart for each signal of a comparative 
example in the case where the read cycles are executed in succession; 

Fig. 7 shows the timing chart for each signal in the case where the 
read cycle is executed after the write cycle; 
25 Fig. 8 shows the timing chart for each signal of a comparative 

example in the case where the read cycle is executed after the write cycle; 
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Fig. 9 shows the operations of the external access controller and the 
refresh controller of a second embodiment of the invention; 

Fig. 10 is a perspective view illustrating a cellular phone as one 
application of a semiconductor memory device of the present invention to an 
5 electronic apparatus; and 

Fig. 11 is a block diagram illustrating the electrical construction of 
the cellular phone shown in Fig. 10. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
10 [0018] Preferred exemplary embodiments of the invention are described 
below. 

A. Terminal Structure of Semiconductor Memory Device and Outline of 
Working Status 

15 [0019] Fig. 1 schematically illustrates the terminal structure of a 
memory chip 10 according to one embodiment of a semiconductor memory 
device of the present invention. The memory chip 10 has multiple 
terminals listed below- 

AO through A19- (20) Address input terminals 
20 #CS- Chip select input terminal 

#WE- Write enable input terminal 

#OE: Output enable input terminal (Output enable signal input 
terminal) 

IO0 through IOl5* (16) Input-output data terminals 
25 [0020] In the description hereafter, an identical symbol is assigned 
commonly for both the terminal name and the signal name. The prefix 
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attached to the head of each terminal name (signal name) represents 
negative logic. Although there are multiple address input terminals AO 
through A19 and multiple input-output data terminals IO0 through IOl5, 
they are simplified in the illustration of Fig. 1. The other terminals which 
5 are not required for the explanation below, e.g., power terminal, are omitted 
from the illustration of Fig. 1. 

[0021] The memory chip 10 is constructed as a virtual SRAM (VSRAM). 
Unlike the SRAM, however, the VSRAM uses dynamic memory cells and 
requires refreshing every predetermined time period (i.e., at predetermined 

10 time intervals). A refresh controller 80 described below is accordingly built 
in the memory chip 10 as well as an external access controller 70. 
[0022] In the specification hereof, data reading and writing operations 
from an external device (a control device) executed via the external access 
controller are sometimes referred to as 'external access' or simply 'access.' 

15 A refreshing operation executed by the refresh controller is referred to as 
'internal refresh' or simply 'refresh'. Refresh may be abbreviated as 'RF ? . 
[0023] Circuits in the memory chip 10 operate synchronously with an 
output enable signal #OE or a write enable signal #WE supplied from an 
external device. This memory chip 10 is a synchronous virtual SRAM. 

20 [0024] The chip select signal #CS shown in Fig. 1 is used to regulate the 
working status of the memory chip 10. Fig. 2 shows the working status of 
the memory chip 10 according to the signal levels of the chip select signal 
#CS. In the specification hereof, level H' denotes a level T, which is one of 
two levels of a binary signal, whereas level L' denotes a level '0', which is 

25 the other of the two levels of the binary signal. 

[0025] When the chip select signal #CS is at the level L (active), the 
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internal working status shifts to the operation mode, and a read operation 
cycle or a write operation cycle is carried out (hereinafter simply referred to 
as 'operation cycle* or 'read/write cycle'). In the operation cycle, external 
access is permitted, while internal refresh is executed at adequate timings. 
5 [0026] When the chip select signal #CS is at the level H (inactive), the 
internal working status shifts to the stand-by mode. In the stand-by mode, 
external access is prohibited, and all word lines are inactivated. During 
the internal refresh, however, a specific word line specified by a refresh 
address generated by the refresh controller 80 is activated. 

10 [0027] The refresh is executed in a first refresh mode in the operation 
cycle, and is executed in a second refresh mode in the stand-by cycle. In 
the first refresh mode, the refreshing operation starts synchronously with 
the output enable signal #OE or the write enable signal #WE after 
generation of a refresh timing signal in the refresh controller 80. In the 

15 second refresh mode, on the other hand, the refreshing operation starts 
immediately after generation of the refresh timing signal. The memory chip 
10 executes refreshing in the suitable refresh mode corresponding to each of 
the two working statuses. 

[0028] In the specification hereof, the expression that 'a certain signal 
20 (or pulse) is synchronous with the output enable signal or the write enable 
signal' is not restricted to generation of the certain signal (or pulse) at the 
same time as an edge of the output enable signal or the write enable signal, 
but means that the certain signal (or pulse) is generated with a fixed time 
relation to the edge of the output enable signal or the write enable signal. 
25 [0029] The address data AO through A19 shown in Fig. 1 is 20-bit data 
and specifies an address of 1 mega word. The input-output data IO0 
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through 1015 is 16-bit data corresponding to 1 word. Namely each value of 
the address AO through A19 corresponds to 16 bits (l word), and allows 
simultaneous input or output of the 16-bit input-output data IO0 through 
1015. 

5 [0030] In the operation mode, a write cycle is carried out, and input from 
the input-output data terminals IO0 through 1015 is allowed, when the 
output enable signal #OE is at the level H (inactive) and the write enable 
signal #WE is at the level L (active). A read cycle is carried out, and output 
from the input-output data terminals IO0 through 1015 is allowed, when 
10 the write enable signal #WE is at the level H (inactive) and the output 
enable signal #OE is at the level L (active). 

[0031] Fig. 3 is a timing chart showing the operations of the memory 
chip 10. The current working status among the two working statuses 
(operation and stand-by modes) shown in Fig. 2 is specified at adequate 
15 timings according to variations in level of the chip select signal #CS 
indicated by the symbol (a) in Fig. 3. 

[0032] In the first four cycles in Fig. 3, the chip select signal #CS is at 
the level L. Accordingly, the working status is in the operation mode and 
the operation cycle is carried out. In the operation mode, one of the read 
20 operation (read cycle) or the write operation (write cycle) is executed 
synchronously with the output enable signal #OE or the write enable signal 
#WE. Fig. 3 shows the status in which the read cycle is executed in the 
first, second and fourth cycles and the write cycle is executed in the third 
cycle. 

25 [0033] A minimum period Tc of the output enable signal #OE 

corresponds to a cycle time (also referred to as 'cycle period 1 ) of this memory 
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chip 10. The cycle time Tc is set, for example, in a range of about 50 ns to 
about 100 ns in the random access. 

[0034] At the fourth cycle in Fig. 3, the chip select signal #CS has risen 
to the level H and is at the level H during and after the fourth cycle, so that 
5 the working status shifts to the stand-by mode at the fourth cycle. 

B. Internal Structure of Semiconductor Memory Device 

[0035] Fig. 4 is a block diagram illustrating the internal structure of the 
memory chip 10. This memory chip 10 has an address buffer 20, a memory 

10 cell array 30, a data input-output buffer 40, a row decoder 50, a column 
decoder 60, the external access controller 70, and the refresh controller 80. 

[0036] The structure of the memory cell array 30 is similar to that of a 
typical DRAM memory cell array. The memory cell array 30 has a plurality 
of one -transistor, one-capacitor-type memory cells arranged in a matrix. 

15 Each memory cell is connected with a non-illustrated word line and a 
non-illustrated bit line pair (also referred to as data line pair). In this 
embodiment, the plurality of memory cells are provided in a matrix of 4096 
rows and 4096 columns (256 x 16 columns), i.e. 1 mega word (16 megabit). 
[0037] The address buffer 20 is a circuit for supplying a plurality of 

20 addresses transmitted from an external device to the other internal circuits. 
In this embodiment, 20-bit addresses (external addresses) AO through A19 
are transmitted and supplied to other internal circuits as 20-bit internal 
addresses AO through A19. Lower 8-bit internal addresses ADD0 through 
ADD7 are provided to the column decoder 60 as the column address, and 

25 upper 12-bit internal addresses ADD8 through ADD 19 are provided to the 
row decoder 50 as the row address. 
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[0038] The row decoder 50 activates selected ones of the 4096 word lines 
in the memory cell array 30 according to the 12-bit row addresses ADD8 
through ADD 19 transferred from the address buffer 20 or the 12-bit refresh 
addresses RAD 8 through RAD 19 transferred from the refresh controller 80. 
5 The selection out of the row addresses ADD8 through ADD 19 and the 
refresh addresses RAD 8 through RAD 19 is made according to an external 
access execution timing signal #EX transferred from the external access 
controller 70 and the refresh execution timing signal #RF transferred from 
the refresh controller 80. 

10 [0039] The column decoder 60 simultaneously selects bit line pairs of 1 
word (16 bits) among multiple bit line pairs in the memory cell array 30 
according to a given column address from the addresses ADD0 through 
ADD 7. The selection of the bit line pairs by the column decoder 60 is 
executed based on the external access execution timing signal #EX. 

15 [0040] Accordingly, the memory cells of 1 word (16 bits) are selected from 
the memory cell array 30 including the memory cells of 1 mega word (16 
megabit) based on the 12-bit row addresses ADD8 through ADD 19 and the 
8-bit column addresses ADD0 through ADD7. 

[0041] Data of 1 word corresponding to the selected memory cells are 
20 read or written via the data input-output buffer 40. The external device 
gains simultaneous access to the memory cells of 1 word in the memory cell 
array 30 by input of one address AO through A19 to the memory chip 10. 
The data input-output buffer 40 includes a non-illustrated reading circuit 
and a non-illustrated writing circuit and allows data transmission between 
25 the data input-output buffer 40 and the memory cell array 30. The 
memory cell array 30 or the data input-output buffer 40 also includes 
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non-illustrated other constituents, such as a pre-charge circuit, a sense 
amplifier, a preamplifier, a latch circuit for read data, and a data writing 
circuit. 

[0042] The external access controller 70 has an arbiter 100, an external 
5 access requirement signal generation circuit 120, an external access 
execution timing signal generation circuit 130, and an R/W signal 
generation circuit 140. 

[0043] The arbiter 100 generates an external access arbiter signal EXAB 
based on a read access requirement signal RRQ and a write access 

10 requirement signal WRQ. 

[0044] The external access requirement signal generation circuit 120 
generates (l) the read access requirement signal RRQ synchronously with 
the output enable signal #OE and (2) the write access requirement signal 
WRQ synchronously with the write enable signal #WE. 

15 [0045] In the operation mode in which the chip select signal #CS is 
active, the external access execution timing signal generation circuit 130 
outputs the external access execution timing signal #EX based on (l) the 
external access arbiter signal EXAB supplied from the arbiter 100, (2) the 
read access requirement signal RRQ and the write access requirement 

20 signal WRQ supplied from the external access requirement signal 
generation circuit 120, and (3) a read latch signal RDLT supplied from the 
R/W signal generation circuit 140. The external access execution timing 
signal generation circuit 130 controls the operation of the row decoder 50 
and the column decoder 60 by the external access execution timing signal 

25 #EX. Whereas in the stand-by mode in which the chip select signal #CS is 
inactive, the external access execution timing signal #EX is not output. 
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[0046] The R/W signal generation circuit 140 outputs signals for 

controlling input/output of data executed via the data input-output buffer 40. 
The signals are output based on the chip select signal #CS, the write enable 
signal #WE, and the output enable signal #OE. The R/W signal generation 
5 circuit 140 controls the reading of data from the memory cell array 30 or the 
writing of data to the memory cell array 30. For example, the R/W signal 
generation circuit 140 outputs the read latch signal RDLT to be supplied to 
the arbiter 100 and the external access execution timing signal generation 
circuit 130. 

10 [0047] The refresh controller 80 has a refresh timer 150, a refresh 
requirement signal generation circuit 160, a refresh execution timing signal 
generation circuit 170, and a refresh address generation circuit 180. The 
arbiter 100 also is included in the external access controller 70, and, as 
described above, is one of the elements of the refresh controller 80. 

15 [0048] The arbiter 100 outputs an refresh arbiter signal RFAB based on 
the write access requirement signal WRQ and the read latch signal RDLT. 
[0049] The refresh timer 150 outputs a pulse signal, as a refresh timing 
signal RFTM, which is activated for a predetermined time period at regular 
time intervals of the refresh cycle. The refresh timer 150 may be 

20 constructed as a ring oscillator, for example. 

[0050] The refresh requirement signal generation circuit 160 outputs the 
refresh requirement signal RFRQ synchronously with the refresh timing 
signal RFTM supplied from the refresh timer 150. 

[0051] In the operation mode in which the chip select signal #CS is 
25 active (level L), the refresh execution timing signal generation circuit 170 
outputs the refresh execution timing signal #RF based on (l) the refresh 
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requirement signal RFRQ supplied from the refresh requirement signal 
generation circuit 160, (2) the refresh arbiter signal RFAB supplied from the 
arbiter 100, and (3) the write access requirement signal WRQ supplied from 
the external access requirement signal generation circuit 120. In the 
5 stand-by mode in which the chip select signal #CS is inactive (level H), the 
refresh execution timing signal generation circuit 170 outputs the refresh 
execution timing signal #RF based on (l) the refresh requirement signal 
RFRQ. 

[0052] The refresh address generation circuit 180 outputs 12-bit refresh 
10 addresses RAD8 through RAD 19 according to the refresh requirement 
signal RFRQ. The refresh address generation circuit 180 may be constructed 
with a 12-bit counter, for example. 

[0053] Each of the blocks included in the external access controller 70 
and the refresh controller 80 can be constructed easily using a diversity of 
15 ordinary logical circuits which realize each function described below. 
Therefore, their explanation is omitted. 

C. The first example 
[0054] Practical operations of the external access controller 70 and the 
20 refresh controller 80 in the operation mode are described hereinbelow, in the 

following order- (l) Case where the read cycles are executed in succession; 

and (2) Case where the read cycle is executed after the write cycle. 

[0055] Whereas in the stand by mode, when the refresh requirement 

signal RFRQ changes to the level H (active) synchronously with the change 
25 of the refresh timing signal RFTM to the level H (active), the refresh 

execution timing signal #RF changes immediately to the level L (active) and 
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stays at the level L for a predetermined time period, and the refreshing 
operation is executed. 

CI. Case where the read cycles are executed in succession 
5 CI. 1 Embodiment 

[0056] Fig. 5 shows the timing chart for each signal in the case where 
the read cycles are executed in succession. 

[0057] The cycle between times tl and t2 in Fig. 5 is the cycle where the 
refreshing operation is not executed. The cycle between times t2 and t3 is 

10 the cycle where the refreshing operation is executed. 

[0058] In the read cycle, the write enable signal #WE (indicated by the 
symbol (b) in Fig. 5) is at the level H (inactive). The output enable signal 
#OE (indicated by the symbol (c) in Fig. 5) changes to the level H (inactive) 
at the time of starting of each cycle and then goes back to the level L (active) 

15 at the expiration of a predetermined time period toep. The time period toep 
is set for avoiding the confusion by address skew on an external address 
ADD. The time period toep is usually decided based on the set-up time and 
the hold time associated with the estimated changing time of the address 
ADD. 

20 [0059] The cycle between times tl and t2 is described hereinbelow. 
When the output enable signal #OE changes to the level H at the time tl, 
the read access requirement signal RRQ (indicated by the symbol (f) in Fig. 
5) changes to the level L (inactive) consequently. When the output enable 
signal #OE changes to the level L after the expiration of the predetermined 

25 time period toep after the change of the output enable signal #OE to the 
level H, the read access requirement signal RRQ changes to the level H 
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(active) consequently. The write access requirement signal WRQ (indicated 
by the symbol (g) in Fig. 5) varies synchronously with the write enable 
signal #WE. In this situation, the write enable signal #WE (indicated by 
the symbol (b) in Fig. 5) keeps the level H (inactive). Accordingly, the write 
5 access requirement signal WRQ also keeps the level L (inactive). 

[0060] When the read access requirement signal RRQ changes to the 
level H, the external access arbiter signal EXAB (indicated by the symbol (j) 
in Fig. 5) changes to the level H (active) consequently. When the external 
access arbiter signal EXAB changes to the level H, the external access 

10 execution timing signal #EX (indicated by the symbol (k) in Fig. 5) changes 
from the level H (inactive) to the level L (active) consequently. When the 
external access execution timing signal #EX changes to the level L, a word 
line WL corresponding to the external address ADD (AO through A19, 
indicated by the symbol "a") indicated by the symbol (a) in Fig. 5 is activated 

15 as shown by symbol (1) in Fig. 5, and the read signal RD (indicated by the 
symbol (m) in Fig. 5) is output. In Fig. 5, a plurality of the signals of the 
word line WL are shown as one signal line (indicated by the symbol (1) in Fig. 
5) for simplicity of explanation. The same is true in the timing charts used 
in the explanation below. 

20 [0061] At a specific timing when the read signal RD can be output stably, 
a pulse signal which changes to the level H according to the change of the 
external access execution timing signal #EX to the level L is output as the 
read latch signal RDLT (indicated by the symbol (n) in Fig. 5). The read 
latch signal RDLT is a latch signal which changes to the level H at a specific 

25 timing when the read signal RD can be output stably to cause sampling of 
the read signal RD, and then changes to the level L to cause latching of the 
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sampled read signal RD. 

[0062] When the read latch signal RDLT changes to the level H and the 
latch of the read signal RD starts, the external access execution timing 
signal #EX (indicated by the symbol (k) in Fig. 5) changes to the level H 
5 (inactive) consequently. When the external access execution timing signal 
#EX changes to the level H, the word line WL that has been activated is 
inactivated and reading from the selected memory cell ends. However, the 
read signal RD has already been latched. Accordingly, the latched read 
signal RD is output as an output data signal IO (IO0 through IOl5) 
10 (indicated by the symbol (o) in Fig. 5) for a time period in which the output 
enable signal #OE stays at the level L. Based on the signal, the read access 
to the memory cell corresponding to the external address ADD (indicated by 
the symbol "a") is executed. 

[0063] The refresh arbiter signal RFAB (indicated by the symbol (h) in 
15 Fig. 5) is a pulse signal that changes to the level H according to the change 
of the read latch signal RDLT to the level H. The refresh timing signal 
RFTM has not changed to the level H (active) in the non-illustrated cycle 
before the time tl, and consequently the refresh requirement signal RFRQ 
(indicated by the symbol (e) in Fig. 5) has not changed to the level H (active). 
20 Accordingly, the refresh requirement signal RFRQ keeps the level L even 
when the refresh arbiter signal RFAB changes to the level H. Consequently, 
the refresh execution timing signal #RF (indicated by the symbol (i) in Fig. 
5) stays at the level H (inactive) and the refresh is not executed in the cycle 
between the times tl and t2. 
25 [0064] The cycle between times t2 and t3 is described hereinbelow. In 
the cycle between the times t2 and t3, the external access execution timing 
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signal #EX changes to the level L at the same timing with the cycle between 
the times tl and t2. Then the read access to the memory cell corresponding 
to the external address ADD (indicated by the symbol "b") is executed. 
[0065] The refresh timing signal RFTM (indicated by the symbol (d) in 
5 Fig. 5) changes to the level H in the cycle between times tl and t2. 
Consequently, the refresh requirement signal RFRQ (indicated by the 
symbol (e) in Fig. 5) changes to the level H. Accordingly, in the cycle 
between times t2 and t3, the refresh requirement signal RFRQ is at the 
level H, when the refresh arbiter signal RFAB changes to the level H. The 

10 refresh execution timing signal #RF (indicated by the symbol (i) in Fig. 5) 
changes to the level L (active) after the expiration of the predetermined time 
period tdrfl after the change of the refresh arbiter signal RFAB to the level 
H. Then the refresh execution timing signal #RF stays at the level L for 
the predetermined time period trf. Consequently, a word line WL 

15 corresponding to a non-illustrated refresh address RADD (RAD8 through 
RAD 19) is activated and the refreshing operation of the memory cell 
selected based on the word line WL is executed. 

[0066] When the refresh execution timing signal #RF changes to the 
level L, the refresh requirement signal RFRQ changes to the level L 

20 (inactive) consequently, and the refresh requirement is released. 

[0067] The predetermined time period tdrfl is preferably determined so 
that the time period, from the timing when the external access execution 
timing signal #EX changes to the level H to the timing when the refresh 
execution timing signal #RF changes to the level L, becomes equal to or 

25 longer than the required pre charge time. In other words, the 
predetermined time period tdrfl is preferably determined so that the time 
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period, from the timing when the inactivation of the word line that has been 
activated in the read access operation starts to the timing when the 
activation of the word line to be selected in the refreshing operation starts, 
becomes equal to or longer than the required pre -charge time. "The 
5 pre -charge time" means the time period from the time when the inactivation 
of the word line that has been activated starts to the time when the 
activation of any word line starts. The pre -charge time is determined 
based on the structure of the virtual SRAM as the waiting time. 
[0068] In the cycle from time t3, the refresh requirement signal RFRQ is 
10 at the level L. Consequently, the refreshing operation is not executed and 
the memory chip 10 functions the same as for the cycle between times tl 
and t2. 

[0069] As described above, the refreshing operation in the read cycle is 
executed after the preferential execution of the read access. 

15 [0070] Where the starting time of the read access is fixed as the timing 
when the output enable signal #OE changes to the level H (inactive), the 
access time tra, from the starting time to the time when the output data 
signal IO is output, is expressed with the following formula (l) regardless of 
execution of the refreshing operation. 

20 tra = tda + tac ...(l) 

[0071] The parameter tda is a waiting time from the time when the 
output enable signal #OE changes to the level H to the time when the 
external access execution timing signal #EX changes to the level L. The 
parameter tac is a time period from the time when the external access 

25 execution timing signal #EX changes to the level L and the actual read 
access starts to the time when the output data signal IO is output. The 
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waiting time tda is expressed with the following formula (2). 

tda = toep + tdcl .,.(2) 
[0072] The parameter toep shows a time period from the change of the 
output enable signal #OE to the level H to the subsequent change of the 
5 output enable signal #OE to the level L. The parameter tdcl shows a delay 
time of a logical circuit to generate the external access execution timing 
signal #EX. 



Cl.2 Comparative example 

10 [0073] A comparative example is described to demonstrate the effect of 
the above described embodiment. Fig. 6 shows the timing chart for each 
signal of a comparative example in the case where the read cycles are 
executed in succession. 

[0074] The cycle between times til and tl2 in Fig. 6 is a cycle where the 
15 refreshing operation is not executed. The cycle between times tl2 and tl3 
is a cycle where the refreshing operation is executed. 

[0075] In the comparative example, in the read cycle, the write enable 
signal #WE (indicated by the symbol (b) in Fig. 6) is at the level H (inactive). 
The output enable signal #OE (indicated by the symbol (c) in Fig. 6) changes 
20 to the level H (inactive) at the time of starting of each cycle and then goes 
back to the level L (active) at the expiration of a predetermined time period 
toep. 

[0076] The cycle between times til and tl2 is described hereinbelow. 
When the output enable signal #OE changes to the level H at the time til, 
25 the read access requirement signal RRQ (indicated by the symbol (f) in Fig. 
6) changes to the level L (inactive) consequently. 
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[0077] When the read access requirement signal RRQ changes to the 
level L, the external access execution timing signal #EX (indicated by the 
symbol (k) in Fig. 6) changes to the level H, if the external access execution 
timing signal #EX was at the level L in the preceding cycle. When the read 
5 access requirement signal RRQ changes to the level L, the refresh arbiter 
signal RFAB (indicated by the symbol (h) in Fig. 6) changes to the level H 
(active) consequently. When the refresh arbiter signal RFAB changes to 
the level H, the refresh execution timing signal #RF (indicated by the 
symbol (i) in Fig. 6) stays at the level H (inactive), if the refresh requirement 

10 signal RFRQ (indicated by the symbol (e) in Fig. 6) is at the level L. 

[0078] When the output enable signal #OE changes to the level L after 
the expiration of the predetermined time period toep after the change of the 
output enable signal #OE to the level H, the read access requirement signal 
RRQ (indicated by the symbol (£) in Fig. 6) changes to the level H (active) 

15 consequently. The write access requirement signal WRQ (indicated by the 
symbol (g) in Fig. 6) varies synchronously with the write enable signal #WE. 
In this situation, the write enable signal #WE stays at the level H (inactive). 
Accordingly, the write access requirement signal WRQ also stays at the level 
L (inactive). 

20 [0079] When the read access requirement signal RRQ changes to the 
level H, the external access arbiter signal EXAB (indicated by the symbol (j) 
in Fig. 6) changes to the level H (active) consequently. When the external 
access arbiter signal EXAB changes to the level H, the external access 
execution timing signal #EX (indicated by the symbol (k) in Fig. 6) changes 

25 to the level L (active) after the expiration of the predetermined time period 
tdexl after the change of the external access arbiter signal EXAB to the 
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level H. The predetermined time period tdexl is described below. The 
external access execution timing signal #EX stays at the level L until the 
read access requirement signal RRQ changes to the level L according to the 
change of the output enable signal #OE to the level H at the time tl2. 
5 When the external access execution timing signal #EX changes to the level 
L, a word line WL corresponding to the external address ADD (AO through 
A19, indicated by the symbol "a") indicated by the symbol (a) in Fig. 6 is 
activated as shown by symbol (1) in Fig. 6, and the read signal RD (indicated 
by the symbol (m) in Fig. 6) is output. 

10 [0080] At a specific timing when the read signal RD can be output stably, 
a pulse signal which changes to the level H according to the change of the 
external access execution timing signal #EX to the level L is output as the 
read latch signal RDLT (indicated by the symbol (n) in Fig. 6). When the 
read latch signal RDLT changes to the level H and the read signal RD is 

15 sampled and then latched, the latched read signal RD is output as an output 
data signal IO (IO0 through IOl5) (indicated by the symbol (o) in Fig. 6) for 
a time period in which the output enable signal #OE stays at the level L. 
Based on the signal, the read access to the memory cell corresponding to the 
external address ADD (indicated by the symbol "a") is executed. 

20 [0081] The cycle between times tl2 and tl3 is described hereinbelow. 
The refresh timing signal RFTM (indicated by the symbol (d) in Fig. 6) 
changes to the level H in the cycle between times til and tl2. 
Consequently, the refresh requirement signal RFRQ (indicated by the 
symbol (e) in Fig. 6) changes to the level H. Accordingly, in the cycle 

25 between times tl2 and tl3, the refresh requirement signal RFRQ is at the 
level H, when the refresh arbiter signal RFAB changes to the level H. The 
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refresh execution timing signal #RF (indicated by the symbol (i) in Fig. 6) 
changes to the level L (active) after the expiration of the predetermined time 
period tdr£2 after the change of the refresh arbiter signal RFAB to the level 
H. Then the refresh execution timing signal #RF stays at the level L for 
5 the predetermined time period trf. Consequently, a word line WL 
corresponding to a non-illustrated refresh address RADD (RAD8 through 
RAD 19) is activated and the refreshing operation of the memory cell 
selected based on the word line WL is executed. 

[0082] When the refresh execution timing signal #RF changes to the 
10 level L, the refresh requirement signal RFRQ (indicated by the symbol (e) in 
Fig. 6) changes to the level L (inactive), and the refresh requirement is 
released. 

[0083] The predetermined time period tdrf2 is preferably determined so 
that the time period, from the timing when the external access execution 

15 timing signal #EX changes to the level H to the timing when the refresh 
execution timing signal #RF changes to the level L, becomes equal to or 
longer than the required pre -charge time. In other words, the 
predetermined time period tdrfl is preferably determined so that the time 
period, from the timing when the inactivation of the word line that has been 

20 activated in the read access operation starts in the precedent cycle to the 
timing when the activation of the word line to be selected in the read access 
operation starts, becomes equal to or longer than the required pre -charge 
time. 

[0084] In the case where the refreshing operation is not executed in the 
25 cycle between the times til and tl2, when the read access requirement 
signal RRQ changes to the level H according to the change of the output 
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enable signal #OE to the level L, the external access arbiter signal EXAB 
(indicated by the broken line with the symbol (j) in Fig. 6) changes to the 
level H consequently. However, in the case where the refreshing operation 
is executed, the change of the external access arbiter signal EXAB to the 
5 level H is masked because the refresh execution timing signal #RF changed 
to the level L when the refresh requirement signal RFRQ is at the level H. 
Then the external access arbiter signal EXAB (indicated by the symbol (j) in 
Fig. 6) changes to the level H after the refresh execution timing signal #RF 
has returned to the level H. 

10 [0085] When the external access arbiter signal EXAB changes to the 
level H, the external access execution timing signal #EX (indicated by the 
symbol (k) in Fig. 6) changes to the level L (active) after the expiration of 
the predetermined time period tdexl after the change of the external access 
arbiter signal EXAB to the level H. When the external access execution 

15 timing signal #EX changes to the level L, a word line WL corresponding to 
the external address ADD (AO through A19, indicated by the symbol "b") 
indicated by the symbol (a) in Fig. 6 is activated as shown by symbol (1) in 
Fig. 6, and the read signal RD (indicated by the symbol (m) in Fig. 6) is 
output. Due to the read signal RD, the read access to the memory cell 

20 corresponding to the external address ADD (indicated by the symbol "b") is 
executed. 

[0086] The predetermined time period tdexl is preferably determined so 
that the time period, from the time when the refresh execution timing signal 
#RF changes to the level H to the time when the external access execution 
25 timing signal #EX changes to the level L, becomes equal to or longer than 
the required pre -charge time. In other words, the predetermined time 
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period tdexl is preferably determined so that the time period, from the time 
when the inactivation of the word line that has been activated in the refresh 
access operation starts to the time when the activation of the word line to be 
selected in the read access operation starts, becomes equal to or longer than 
5 the required pre -charge time. 

[0087] In the cycle from time tl3, the refresh requirement signal RFRQ 
is at the level L. Consequently, the refreshing operation is not executed 
and the memory chip 10 functions the same as the cycle between times til 
and tl2. 

10 [0088] As described above, in the comparative example, the refreshing 
operation in the read cycle is executed in preference to the read access. 
[0089] Where the starting time of the read access is fixed as the timing 
when the output enable signal #OE changes to the level H (inactive), the 
access time tra\ from the starting time of the read access to the time when 

15 the output data signal IO is output, is extended by the time period for the 
refreshing operation compared to the case where the refreshing operation is 
not executed. The access time tra 1 is expressed with the following formula 
(3). 

tra ? = tda' + tac...(3) 

20 [0090] The parameter tda' is a waiting time from the time when the 
output enable signal #OE changes to the level H to the time when the 
external access execution timing signal #EX changes to the level L. The 
parameter tac is a time period from the time when the external access 
execution timing signal #EX changes to the level L to the time when the 

25 output data signal IO is output. The waiting time tda' is expressed with 
the following formula (4). 
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tda 1 = tdc2 + tprl + trf + tpr2 ...(4) 
[0091] The parameter tdc2 shows a delay time of a logical circuit to 
generate the external access execution timing signal #EX. The parameter 
tprl shows a time period from the change of the external access execution 
5 timing signal #EX to the level H to the change of the refresh execution 
timing signal #RF to the level L, which corresponds to the pre -charge time. 
The code trf shows a time period in which the refresh execution timing 
signal #RF stays at the level L, which corresponds to the refresh period. 
The parameter tpr2 shows a time period from the change of the refresh 
10 execution timing signal #RF to the level H to the change of the external 
access execution timing signal #EX to the level L, which corresponds to the 
prexharge time. 

CI. 3 Comparison of access speed 

15 [0092] The difference Atra between the access time tra of the 

embodiment expressed by the formula (l) and the access time tra 1 of the 
comparative example expressed by the formula (3) is expressed by the 
difference between the waiting time tda and the waiting time tda' as shown 
in the following formula (5). 

20 A tra = tda' - tda = (tdc2 + tprl + trf + tpr2) - (toep + tdcl) ... (5) 

[0093] Generally, the lengths of the delay times tdcl and tdc2 of the 

logical circuit can be considered to be the same, or can be ignored because 
the length of each of these delay times is much smaller than other time 
periods. Thus, the formula (5) can be expressed by the following formula 

25 (5a). 

Atra = tda 1 - tda = (tprl + trf + tpr2) ■ toep ... (5a) 
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[0094] In the case where the time period toep from the change of the 
output enable signal #OE to the level H to the subsequent change to the 
level L is sufficiently large, i.e., toep > (tprl + trf + tpr2), the waiting time 
tda' of the comparative example expressed by the formula (4) is nearly equal 
5 to the waiting time tda of the embodiment expressed by the formula (2). In 
this case, the access time tra f of the comparative example is nearly equal to 
the access time tra of the embodiment expressed by the formula (l). 
Accordingly, the difference A tra is not produced. 

[0095] However, for a shortened cycle time, toep in the comparative 
10 example is generally smaller than (tprl + trf + tpr2), i.e., toep < (tprl + trf + 
tpr2). 

[0096] Accordingly, the access time tra of the embodiment expressed by 
the formula (l) is smaller than the access time tra' of the comparative 
example expressed by the formula (3) by A tra expressed by the formula (5a). 
15 Consequently, the memory chip 10 of the embodiment achieves a fast read 
access in the case where the read cycles are executed in succession. 
Furthermore, the memory chip 10 of the embodiment achieves a shortening 
of the cycle time in the case where the read cycles are executed in 
succession. 

20 

C2. Case where the read cycle is executed after the write cycle 
C2.1 embodiment 

[0097] Fig. 7 shows the timing chart for each signal in the case where 
the read cycle is executed after the write cycle. 
25 [0098] The cycle between times t21 and t22 in Fig. 7 is the write cycle 
where the refreshing operation is executed. The cycle between times t22 
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and t23 is the write cycle where the refreshing operation is not executed. 
The cycle between times t23 and t24 is the read cycle where the refreshing 
operation is executed. 

[0099] In the write cycle, the output enable signal #OE (indicated by the 
5 symbol (c) in Fig. 7) is at the level H (inactive). The write enable signal 
#WE (indicated by the symbol (b) in Fig. 7) changes to the level H (inactive) 
at the time of starting of each cycle and then goes back to the level L (active) 
at the expiration of a predetermined time period twep. The time period 
twep is set for avoiding the confusion by address skew on an external 
10 address ADD. The time period twep is usually decided based on the set-up 
time and the hold time associated to the estimated changing time of the 
address ADD. 

[0100] The cycle between times t21 and t22 is described hereinbelow. 
When the write enable signal #WE changes to the level H at the time t21, 

15 the write access requirement signal WRQ (indicated by the symbol (g) in Fig. 
7) changes to the level L (inactive) consequently. When the write enable 
signal #WE changes to the level L after the expiration of the predetermined 
time period twep after the change of the write enable signal #WE to the 
level H, the write access requirement signal WRQ changes to the level H 

20 (active) consequently. The output enable signal #OE (indicated by the 
symbol (c) in Fig. 7) stays at the level H (inactive). Accordingly, the read 
access requirement signal RRQ (indicated by the symbol (£) in Fig. 7) also 
stays at the level L (inactive). 

[0101] When the write access requirement signal WRQ changes to the 
25 level H, the refresh arbiter signal RFAB (indicated by the symbol (h) in Fig. 
7) changes to the level H (active) consequently. 
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[0102] In the non-illustrated cycle before the time t21, the refresh timing 
signal RFTM (indicated by the symbol (d) in Fig. 7) has changed to the level 
H (active), and the refresh requirement signal RFRQ (indicated by the 
symbol (e) in Fig. 7) has also changed to the level H (active) consequently. 
5 If the refresh requirement signal RFRQ (indicated by the symbol (e) in Fig. 
7) is at the level H when the refresh arbiter signal RFAB changes to the 
level H, the refresh execution timing signal #RF (indicated by the symbol (i) 
in Fig. 7) changes to the level L (active) according to the change of the 
refresh arbiter signal RFAB to the level H and stays at the level L for the 
10 predetermined time period trf. Consequently, a word line WL 
corresponding to a non-illustrated refresh address RADD (RAD8 through 
RAD 19) is activated and the refreshing operation of the memory cell 
selected based on the word line WL is executed. 

[0103] When the refresh execution timing signal #RF changes to the 
15 level L, the refresh requirement signal RFRQ (indicated by the symbol (e) in 
Fig. 7) changes to the level L (inactive), and the refresh requirement is 
released. 

[0104] In the case where the refreshing opex^ation is not executed, when 
the write access requirement signal WRQ (indicated by the broken line with 

20 the symbol (g) in Fig. 7) changes to the level H, the external access arbiter 
signal EXAB (indicated by the broken line with the symbol (j) in Fig. 7) also 
changes to the level H consequently. However, in the case where the 
refreshing operation is executed, the change of the external access arbiter 
signal EXAB to the level H is masked because the refresh execution timing 

25 signal #RF changed to the level L when the refresh requirement signal 
RFRQ is at the level H. Then the external access arbiter signal EXAB 
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(indicated by the symbol (j) in Fig. 7) changes to the level H after the 
refresh execution timing signal #RF returns to the level H. 
[0105] When the external access arbiter signal EXAB changes to the 
level H, the external access execution timing signal #EX (indicated by the 
5 symbol (k) in Fig. 7) changes to the level L (active) consequently after the 
expiration of the predetermined time period tdexl after the change of the 
external access arbiter signal EXAB to the level H. The external access 
execution timing signal #EX stays at the level L until the write access 
requirement signal WRQ changes to the level L according to the change of 

10 the write enable signal #WE to the level H at the time t22. 

[0106] When the external access execution timing signal #EX changes to 
the level L, a word line WL corresponding to the external address ADD (AO 
through A19, indicated by the symbol "a") indicated by the symbol (a) in Fig. 
7 is activated as shown by symbol (1) in Fig. 7. Then the input data signal 

15 IO (IO0 through IOl5) (indicated by the symbol (o) in Fig. 7) is written to 
the memory cell corresponding to the external address ADD (indicated by 
the symbol "a") at the timing of the change of the write enable signal #WE 
to the level H at the time t22. 

[0107] The cycle between times t22 and t23 is described hereinbelow. 

20 In the cycle between times t22 and t23, the refresh requirement signal 
RFRQ stays at the level L when the refresh arbiter signal RFAB changes to 
the level H. Accordingly, the refreshing operation is not executed. 
Consequently, the write enable signal #WE (indicated by the symbol (b) in 
Fig. 7) changes to the level H at the time t22, and then changes to the level 

25 L after expiration of the predetermined time period twep. Then the write 
access requirement signal WRQ (indicated by the symbol (g) in Fig. 7) 
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changes to the level L. Then the external access arbiter signal EXAB 
(indicated by the symbol (j) in Fig. 7) changes to the level H according to the 
change of the write access requirement signal WRQ to the level H. When 
the external access arbiter signal EXAB changes to the level H, the external 
5 access execution timing signal #EX (indicated by the symbol (k) in Fig. 7) 
changes to the level L after the expiration of the predetermined time period 
tdexl after the change of the external access arbiter signal EXAB to the 
level H. Consequently, the write access to the memory cell corresponding 
to the external address ADD (indicated by the symbol "b") is executed. 

10 [0108] In the cycle between the times t23 and t24, the write enable 
signal #WE is at the level H (inactive), and the output enable signal #OE 
stays at the level L (active) from the time t23 for a predetermined time 
period twoep. Consequently, the read access is executed. 
[0109] The refresh timing signal RFTM (indicated by the symbol (d) in 

15 Fig. 7) changes to the level H in the cycle between times t22 and t23. 
Consequently, the refresh requirement signal RFRQ (indicated by the 
symbol (e) in Fig. 7) changes to the level H. Accordingly, in the cycle 
between times t23 and t24, the refresh requirement signal RFRQ is at the 
level H, when the refresh arbiter signal RFAB (indicated by the symbol (h) 

20 in Fig. 7) changes to the level H. Consequently, in the cycle between times 
t23 and t24, the refreshing operation is executed after the execution of the 
read access operation as in the cycle between times t2 and t3 in Fig. 5. 
[0110] The operation timings in the read cycle are the same as those of 
the cycle between times t2 and t3 in Fig. 5. Therefore, their explanation is 

25 omitted. 

[0111] Where the starting time of the read access is fixed as the timing 
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when the write enable signal #WE changes to the level H (inactive), the 
access time twra, from the starting time to the time when the output data 
signal IO is output, is similar to the formula (l) and is expressed with the 
following formula (7). 
5 twra = twda + tac ...(7) 

[0112] The parameter twda is a waiting time from the time when the 
write enable signal #WE changes to the level H to the time when the 
external access execution timing signal #EX changes to the level L. The 
parameter tac is a time period from the time when the external access 

10 execution timing signal #EX changes to the level L to the time when the 
output data signal IO is output. The waiting time twda is expressed with 
the following formula (8). 

twda = twoep + tdcl ...(8) 
[0113] The parameter twoep shows a time period from the change of the 

15 write enable signal #WE to the level H (inactive) to the subsequent change 
of the output enable signal #OE to the level L. The parameter tdcl shows a 
delay time of a logical circuit to generate the external access execution 
timing signal #EX. 

20 C2.2 Comparative example 

[0114] A comparative example is described to demonstrate the effect of 
the above described embodiment. Fig. 8 shows the timing chart for each 
signal of the comparative example in the case where the read cycle is 
executed after the write cycle. 

25 [0115] The cycle between times t31 and t32 in Fig. 8 is the write cycle 
where the refreshing operation is executed. The cycle between times t32 
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and t33 is the write cycle where the refreshing operation is not executed. 
The cycle between times t33 and t34 is the read cycle where the refreshing 
operation is executed. 

[0116] In the write cycle in the comparative example, the output enable 
5 signal #OE (indicated by the symbol (c) in Fig. 8) is at the level H (inactive). 
The write enable signal #WE (indicated by the symbol (b) in Fig. 8) changes 
to the level H (inactive) at the time of starting of each cycle and then goes 
back to the level L (active) at the expiration of a predetermined time period 
twep. 

10 [0117] The cycle between times t31 and t32 is described hereinbelow. 
When the write enable signal #WE changes to the level H at the time t31, 
the write access requirement signal WRQ (indicated by the symbol (g) in Fig. 
8) changes to the level L (inactive) consequently. When the write enable 
signal #WE changes to the level L after the expiration of the predetermined 

15 time period twep after the change of the write enable signal #WE to the 
level H, the write access requirement signal WRQ changes to the level H 
(active) consequently. The output enable signal #OE (indicated by the 
symbol (c) in Fig. 8) stays at the level H (inactive). Accordingly, the read 
access requirement signal RRQ (indicated by the symbol (f) in Fig. 8) also 

20 stays at the level L (inactive). 

[0118] When the write access requirement signal WRQ changes to the 
level L, the external access execution timing signal #EX (indicated by the 
symbol (k) in Fig. 8) changes to the level H, if the external access execution 
timing signal #EX was at the level L in the preceding cycle. When the 

25 write access requirement signal WRQ changes to the level L, the refresh 
arbiter signal RFAB (indicated by the symbol (h) in Fig. 8) changes to the 
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level H (active) consequently. 

[0119] In the non-illustrated cycle before the time t31, the refresh timing 
signal RFTM (indicated by the symbol (d) in Fig. 8) has changed to the level 
H (active), and the refresh requirement signal RFRQ (indicated by the 
5 symbol (e) in Fig. 8) has also changed to the level H (active) consequently. 
If the refresh requirement signal RFRQ (indicated by the symbol (e) in Fig. 
8) is at the level H when the refresh arbiter signal RFAB changes to the 
level H, the refresh execution timing signal #RF (indicated by the symbol (i) 
in Fig. 8) changes to the level L (active) at the expiration of a predetermined 

10 time period tdrf3 after the change of the refresh arbiter signal RFAB to the 
level H and stays at the level L for the predetermined time period trf. 
Consequently, a word line WL corresponding to a non-illustrated refresh 
address RADD (RAD8 through RAD 19) is activated and the refreshing 
operation of the memory cell selected based on the word line WL is executed. 

15 [0120] When the refresh execution timing signal #RF changes to the 
level L, the refresh requirement signal RFRQ (indicated by the symbol (e) in 
Fig. 8) changes to the level L (inactive), and the refresh requirement is 
released. 

[0121] The predetermined time period tdrf3 is preferably determined so 
20 that the time period, from the time when the external access execution 
timing signal #EX changes to the level H to the time when the refresh 
execution timing signal #RF changes to the level L, becomes equal to or 
longer than the required pre-charge time. In other words, the 
predetermined time period tdrf3 is preferably determined so that the time 
25 period, from the time when the inactivation of the word line that has been 
activated in the read access operation starts to the time when the activation 
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of the word line to be selected in the refreshing operation starts, becomes 
equal to or longer than the required pre -charge time. 

[0122] In the case where the refreshing operation is not executed, when 
the write access requirement signal WRQ (indicated by the broken line with 
5 the symbol (g) in Fig. 8) changes to the level H, the external access arbiter 
signal EXAB (indicated by the broken line with the symbol (j) in Fig. 8) also 
changes to the level H consequently. However, in the case where the 
refreshing operation is executed, the change of the external access arbiter 
signal EXAB to the level H is masked because the refresh execution timing 
10 signal #RF changed to the level L when the refresh requirement signal 
RFRQ is at the level H. Then the external access arbiter signal EXAB 
(indicated by the symbol (j) in Fig. 8) changes to the level H after the refresh 
execution timing signal #RF returns to the level H. 

[0123] When the external access arbiter signal EXAB changes to the 
15 level H, the external access execution timing signal #EX (indicated by the 
symbol (k) in Fig. 8) changes to the level L (active) consequently after the 
expiration of the predetermined time period tdexl after the change of the 
external access arbiter signal EXAB to the level H. The external access 
execution timing signal #EX stays at the level L until the write access 
20 requirement signal WRQ changes to the level L according to the change of 
the write enable signal #WE to the level H at the time t32. When the 
external access execution timing signal #EX changes to the level L, a word 
line WL corresponding to the external address ADD (AO through A19, 
indicated by the symbol "a") indicated by the symbol (a) in Fig. 8 is activated 
25 as shown by symbol (1) in Fig. 8. 

[0124] Then the input data signal IO (IO0 through IOl5) (indicated by 
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the symbol (o) in Fig. 8) is written to the memory cell corresponding to the 
external address ADD (indicated by the symbol "a") at the timing of the 
change of the write enable signal #WE to the level H at the time t32. 
[0125] The cycle between times t32 and t33 is described hereinbelow. 
5 In the cycle between times t32 and t33, the refresh requirement signal 
RFRQ stays at the level L (inactive) when the refresh arbiter signal RFAB 
changes to the level H. Accordingly, the refreshing operation is not 
executed. Consequently, the write enable signal #WE (indicated by the 
symbol (b) in Fig. 8) changes to the level H at the time t32, and then 

10 changes to the level L after expiration of the predetermined time period 
twep. Then the write access requirement signal WRQ (indicated by the 
symbol (g) in Fig. 8) changes to the level L. Then the external access 
arbiter signal EXAB (indicated by the symbol (j) in Fig. 8) changes to the 
level H according to the change of the write access requirement signal WRQ 

15 to the level H. When the external access arbiter signal EXAB changes to 
the level H, the external access execution timing signal #EX (indicated by 
the symbol (k) in Fig. 8) changes to the level L after the expiration of the 
predetermined time period tdexl after the change of the external access 
arbiter signal EXAB to the level H. Consequently, the write access to the 

20 memory cell corresponding to the external address ADD (indicated by the 
symbol "b") is executed. 

[0126] In the cycle between the times t33 and t34, the write enable 
signal #WE is at the level H (inactive), and the output enable signal #OE 
stays at the level L (active) from the time t33 for a predetermined time 
25 period twoep (generally, twoep ^ twoep). Consequently, the read access is 
executed. 
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[0127] The refresh timing signal RFTM (indicated by the symbol (d) in 
Fig. 8) changes to the level H in the cycle between times t32 and t33. 
Consequently, the refresh requirement signal RFRQ (indicated by the 
symbol (e) in Fig. 8) changes to the level H. Accordingly, in the cycle 
5 between times t33 and t34, the refresh requirement signal RFRQ is at the 
level H, when the refresh arbiter signal RFAB (indicated by the symbol (h) 
in Fig. 8) changes to the level H. Consequently, in the cycle between times 
t33 and t34, the refreshing operation is executed after the execution of the 
read access operation as in the cycle between times tl2 and tl3 in Fig. 6. 
10 [0128] The operation timings in the read cycle are the same as those of 
the cycle between times tl2 and tl3 in Fig. 6. Therefore, their explanation 
is omitted. 

[0129] Where the starting time of the read access is fixed as the timing 
when the write enable signal #WE changes to the level H (inactive), the 

15 access time twra f , from the starting time of the read access to the time when 
the output data signal IO is output, is similar to the formula (3) and is 
expressed with the following formula (9). 

twra' = twda' + tac ...(9) 
[0130] The parameter twda 1 is a waiting time from the time when the 

20 write enable signal #WE changes to the level H to the time when the 
external access execution timing signal #EX changes to the level L. The 
parameter tac is a time period from the time when the external access 
execution timing signal #EX changes to the level L to the time when the 
output data signal IO is output. The waiting time twda' is expressed with 

25 the following formula (10). 

twda 1 = tdc3 + tprl + trf + tpr2 ...(10) 
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[0131] The parameter tdc3 shows a delay time of a logical circuit to 
generate the external access execution timing signal #EX. The parameter 
tprl shows a time period from the change of the external access execution 
timing signal #EX to the level H to the change of the refresh execution 
5 timing signal #RF to the level L. The parameter trf shows a time period in 
which the refresh execution timing signal #RF stays at the level L. The 
parameter tpr2 shows a time period from the change of the refresh 
execution timing signal #RF to the level H to the change of the external 
access execution timing signal #EX to the level L. 

10 

C2.3 Comparison of access speed 

[0132] The difference Atwra between the access time twra of the 
embodiment expressed by the formula (7) and the access time twra f of the 
comparative example expressed by the formula (9) is expressed by the 
15 difference between the waiting time twda and the waiting time twda' as 
shown in the following formula (11). 

Atwra = twda 1 - twda = (tddc2 + tprl + trf + tpr2) - (twoep + 
tdcl) ...(11) 

[0133] Generally, the lengths of the delay times tdcl and tdc2 of the 

20 logical circuit can be considered to be the same, or can be ignored because 

the length of each delay time is much smaller than the other time periods. 

Thus, the formula (ll) can be expressed by the following formula (lla). 
A twra = twda 1 - twda ^ (tprl + trf + tpr2) - twoep ... (lla) 

[0134] In the case where the time period twoep, from the change of the 
25 write enable signal #WE to the level H to the subsequent change of the 

output enable signal #OE to the level L, is sufficiently large, i.e., twoep > 
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(tprl + trf + tpr2), the waiting time twda' of the comparative example 
expressed by the formula (10) is nearly equal to the waiting time twda of the 
embodiment expressed by the formula (8), as was the case where the read 
cycles are executed in succession. In this case, the access time twra' of the 
5 comparative example is nearly equal to the access time twra of the 
embodiment expressed by the formula (7). Accordingly, the difference 
A twra is not produced. 

[0135] However, as explained in the case where the read cycles are 
executed in succession, for a shortened cycle time, twoep in the comparative 
10 example is generally smaller than (tprl + trf + tpr2), i.e., twoep < (tprl + trf 
+ tpr2). 

[0136] Accordingly, the access time twra of the embodiment expressed by 
the formula (7) is smaller than the access time twra* of the comparative 
example expressed by the formula (9) by A twra expressed by the formula 

15 (lla). Consequently, the memory chip 10 of the embodiment achieves a fast 
read access in the case where the read cycle is executed after the write cycle. 
Furthermore, the memory chip 10 of the embodiment achieves a shortened 
cycle time in the case where the read cycle is executed after the write cycle. 
[0137] In both the cases of (l) Case where the read cycles are executed 

20 in succession; and (2) Case where the read cycle is executed after the write 
cycle, the embodiment achieves a faster read access than the comparative 
example, and achieves a shortened cycle time compared to the comparative 
example. 

[0138] The time charts of each signal which were explained in the 
25 embodiments are examples and it is to be understood that the invention is 
not limited to the disclosed embodiments. In the read cycle, the external 
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access controller may output the external access execution timing signal 
which changes to active immediately after the output enable signal changes 
to active, and changes to inactive immediately after the latch of the read 
signal starts by the change of the latch signal to inactive after the change to 
5 active. The refresh controller may output the refresh execution timing 
signal which changes to active and stays active for a predetermined time 
period according to the change of the latch signal to active while the refresh 
requirement signal is active. 

[0139] In the write cycle, the refresh controller may output the refresh 
10 execution timing signal which changes to active for a predetermined time 
period according to the change of the write enable signal to active while the 
refresh requirement signal is active. The external access controller may 
output the external access execution timing signal which changes to active 
according to the change of the refresh execution timing signal back to 
15 inactive, and changes to inactive according to the change of the write enable 
signal back to inactive. 

D. The second example 

[0140] Fig. 9 shows the operations of the external access controller and 
20 the refresh controller of a second embodiment. Fig. 9 shows the timing 
chart for each signal in the case where the read cycles are executed in 
succession. 

[0141] The cycle between times t41 and t42 in Fig. 9 is the cycle where 
the refreshing operation is not executed. The cycle between times t42 and 
25 t43 is the cycle where the refreshing operation is executed. 

[0142] In the read cycle of the second embodiment, the write enable 
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signal #WE (indicated by the symbol (b) in Fig. 9) is at the level H (inactive). 
The output enable signal #OE (indicated by the symbol (c) in Fig. 9) changes 
to the level H (inactive) at the time of starting of each cycle and then 
changes to the level L (active) at the expiration of a predetermined time 
5 period toep. 

[0143] The cycle between times t41 and t42 is described hereinbelow. 
When the output enable signal #OE changes to the level H (inactive) at the 
time t41, the read access requirement signal RRQ (indicated by the symbol 
(f) in Fig. 9) changes to the level L (inactive) consequently. 

10 [0144] When the read access requirement signal RRQ changes to the 
level L, the refresh arbiter signal RFAB (indicated by the symbol (h) in Fig. 
9) changes to the level H (active) consequently. When the refresh arbiter 
signal RFAB changes to the level H, the refresh execution timing signal #RF 
(indicated by the symbol (i) in Fig. 9) stays at the level H (inactive), if the 

15 refresh requirement signal RFRQ (indicated by the symbol (e) in Fig. 9) is at 
the level L. 

[0145] When the output enable signal #OE changes to the level L 
(active) after the expiration of the predetermined time period toep after the 
change of the output enable signal #OE to the level H, the read access 

20 requirement signal RRQ (indicated by the symbol (f) in Fig. 9) changes to 
the level H (active) consequently. The wi'ite access requirement signal 
WRQ (indicated by the symbol (g) in Fig. 9) varies synchronously with the 
write enable signal #WE. In this situation, the write enable signal #WE 
stays at the level H (inactive). Accordingly, the write access requirement 

25 signal WRQ also stays at the level L (inactive). 

[0146] When the read access requirement signal RRQ changes to the 
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level H, the external access arbiter signal EXAB (indicated by the symbol (j) 
in Fig. 9) changes to the level H (active) consequently. When the external 
access arbiter signal EXAB changes to the level H, the external access 
execution timing signal #EX (indicated by the symbol (k) in Fig. 9) changes 
5 to the level L (active) after the expiration of the predetermined time period 
tdexl after the change of the external access arbiter signal EXAB to the 
level H. 

[0147] When the external access execution timing signal #EX changes to 
the level L, a word line WL corresponding to the external address ADD (AO 
10 through A19, indicated by the symbol "a") indicated by the symbol (a) in Fig. 
9 is activated as shown by symbol (1) in Fig. 9, and the read signal RD 
(indicated by the symbol (m) in Fig. 9) is output. 

[0148] At a specific timing when the read signal RD can be output 

stably, a pulse signal which changes to the level H according to the change 

15 of the external access execution timing signal #EX to the level L is output as 
the read latch signal RDLT (indicated by the symbol (n) in Fig. 9). 
[0149] When the read latch signal RDLT changes to the level H and the 
latch of the read signal RD starts, the external access execution timing 
signal #EX (indicated by the symbol (k) in Fig. 9) changes to the level H 

20 (inactive) consequently. When the external access execution timing signal 
#EX changes to the level H, the word line WL that has been activated is 
inactivated and reading from the selected memory cell ends. However, the 
read signal RD has already been latched. Accordingly, the latched read 
signal RD is output as an output data signal IO (IO0 through 1015) 

25 (indicated by the symbol (o) in Fig. 9) for a time period in which the output 
enable signal #OE stays at the level L. Based on the signal, the read access 
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to the memory cell corresponding to the external address ADD (indicated by 
the symbol "a") is executed. 

[0150] The cycle between times t42 and t43 is described hereinbelow. 
The refresh timing signal RFTM (indicated by the symbol (d) in Fig. 9) 
5 changes to the level H in the cycle between times t41 and t42. 
Consequently, the refresh requirement signal RFRQ (indicated by the 
symbol (e) in Fig. 9) changes to the level H. Accordingly, in the cycle 
between times t42 and t43, the refresh requirement signal RFRQ is at the 
level H, when the refresh arbiter signal RFAB changes to the level H. The 

10 refresh execution timing signal #RF (indicated by the symbol (i) in Fig. 9) 
changes to the level L (active) according to the change of the refresh arbiter 
signal RFAB to the level H. Then the refresh execution timing signal #RF 
stays at the level L for the predetermined time period trf. Consequently, a 
word line WL corresponding to a non-illustrated refresh address RADD 

15 (RAD8 through RAD 19) is activated and the refreshing operation of the 
memory cell selected based on the word line WL is executed. 
[0151] When the refresh execution timing signal #RF changes to the 
level L, the refresh requirement signal RFRQ (indicated by the symbol (e) in 
Fig. 9) changes to the level L (inactive), and the refresh requirement is 

20 released. 

[0152] In the case where the refreshing operation is not executed in the 
cycle between the times t41 and t42, when the read access requirement 
signal RRQ changes to the level H according to the change of the output 
enable signal #OE to the level L, the external access arbiter signal EXAB 
25 (indicated by the broken line with the symbol (j) in Fig. 9) changes to the 
level H consequently. However, in the case where the refreshing operation 
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is executed, the change of the external access arbiter signal EXAB to the 
level H is masked because the refresh execution timing signal #RF changed 
to the level L when the refresh requirement signal RFRQ is at the level H. 
Then the external access arbiter signal EXAB (indicated by the symbol (j) in 
5 Fig. 9) changes to the level H after the refresh execution timing signal #RF 
returns to the level H. 

[0153] When the external access arbiter signal EXAB changes to the 
level H, the external access execution timing signal #EX (indicated by the 
symbol (k) in Fig. 9) changes to the level L (active) after the expiration of 

10 the predetermined time period tdexl after the change of the external access 
arbiter signal EXAB to the level H. When the external access execution 
timing signal #EX changes to the level L, a word line WL corresponding to 
the external address ADD (AO through A19, indicated by the symbol "b") 
indicated by the symbol (a) in Fig. 9 is activated as shown by symbol (1) in 

15 Fig. 9, and the read signal RD (indicated by the symbol (m) in Fig. 9) is 
output. Due to the read signal RD, the read access to the memory cell 
corresponding to the external address ADD (indicated by the symbol "b") is 
executed. 

[0154] The predetermined time period tdexl is preferably determined so 
20 that the time period, from the time when the refresh execution timing signal 
#RF changes to the level H to the time when the external access execution 
timing signal #EX changes to the level L, becomes equal to or longer than 
the required pre -charge time. 

[0155] In the comparative shown in Fig. 6, the refresh execution timing 
25 signal #RF changes to the level L at the expiration of the predetermined 
time period tdrf2 after the change of the refresh arbiter signal RFAB to the 
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level H. The purpose of this setting is to make the time period, from the 
time when the inactivation of the word line that has been activated starts to 
the time when the activation of the word line to be selected in the refreshing 
operation starts, equal to or longer than the required pre-charge time. 
5 However, in the second embodiment, the external access execution timing 
signal #EX changes to the level H (inactive) at the time when the latch of 
the read signal RD starts, and the read operation from the memory cell ends 
at that time. Accordingly, the required pre-charge time can be acquired in 
the time period before the output enable signal #OE changes to the level H 
10 and the next cycle starts. Consequently, the delay time tdrf2, from the 
change of the refresh arbiter signal RFAB to the level H to the change of the 
refresh execution timing signal #RF to the level L in the comparative 
example, is not required in the second embodiment. 

[0156] Where the starting time of the read access is fixed as the timing. 
15 when the output enable signal #OE changes to the level H (inactive), the 
access time tra", from the starting time of the read access to the time when 
the output data signal IO is output, is expressed with the following formula 
(12). 

tra" = tda" + tac ...(12) 

20 [0157] The parameter tda" is a waiting time from the time when the 
output enable signal #OE changes to the level H to the time when the 
external access execution timing signal #EX changes to the level L. The 
parameter tac is a time period from the time when the external access 
execution timing signal #EX changes to the level L to the time when the 

25 output data signal IO is output. The waiting time tda" is expressed with 
the following formula (13). 
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tela" = tdc4 + trf + tpr2...(l3) 
[0158] The parameter tdc4 shows a delay time of a logical circuit to 
generate the external access execution timing signal #EX. The parameter 
trf shows a time period in which the refresh execution timing signal #RF 
5 stays at the level L. The parameter tpr2 shows a time period from the 
change of the refresh execution timing signal #RF to the level H to the 
change of the external access execution timing signal #EX to the level L. 
[0159] The difference Atra" between the access time tra n of the 
embodiment expressed by the formula (12) and the access time tra 1 of the 

10 comparative example expressed by the formula (3) is expressed by the 
difference between the waiting time tda" and the waiting time tda ? as shown 
in the following formula (14). 

Atra" = tda' - tda" = (tdc2 + tprl + trf + tpr2) - (tdc4 + trf + tpr2) = 
(tdc2 + tprl) - tdc4 ... (14) 

15 [0160] Generally, the lengths of the delay times tdc2 and tdc4 of the 

logical circuit can be considered to be the same, or can be ignored because 
the length of each delay time is much smaller than the other time periods. 
Thus, the formula (14) can be expressed by the following formula (14a). 
Atra" = tda ? - tda" = tprl ... (14a) 

20 [0161] Accordingly, the access time tra" of the embodiment expressed by 
the formula (12) is smaller than the access time tra 1 of the comparative 
example expressed by the formula (3) by Atra" expressed by the formula 
(14a). Consequently, the memory chip 10 of the embodiment achieves a 
fast read access in the case where the read cycles are executed in succession. 

25 Furthermore, the memory chip 10 of the embodiment achieves a shortened 
cycle time in the case where the read cycles are executed in succession. 
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[0162] As described above, the second embodiment achieves a faster 
read access than the comparative example in the case where the read cycles 
are executed in succession, and achieves a shortened cycle time compared to 
the comparative example. 

[0163] The time charts of each signal which are explained in the 
embodiments are examples and it is to be understood that the invention is 
not limited to the disclosed embodiments. In the read cycle, the external 
access controller may output the external access execution timing signal 
which changes to active according to the change of the output enable signal 
to active, and changes to inactive when the latch of the read signal starts by 
the change of the latch signal to inactive after the change to active. The 
refresh controller may output the refresh execution timing signal which 
changes to active and stays active for a predetermined time period according 
to the change of the output enable signal to inactive while the refresh 
requirement signal is active. 

E. Application to Electrical Apparatus 

[0164] Fig. 10 is a perspective view illustrating a cellular phone as one 
application of a semiconductor memory device of the present invention to an 
electronic apparatus. The cellular phone 700 has a main body 710 and a 
cover member 720. The main body 710 has a keyboard 712, a liquid crystal 
display 714, a receiver module 716, and an antenna module 718. The cover 
member 720 has a microphone module 722. 

[0165] Fig. 11 is a block diagram illustrating the electrical construction 
of the cellular phone 700 shown in Fig. 10. A CPU 730 is connected to the 
keyboard 712, an LCD driver 732 for actuating the liquid crystal display 714, 
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a SRAM 740, a VSRAM 742, and an EEPROM 744 via bus lines. 
[0166] The SRAM 740 is used, for example, as a high-speed cache 
memory. The VSRAM 742 is used, for example, as a working memory for 
image processing. The memory chip 10 described above is applicable for 
5 the VSRAM (virtual SRAM or pseudo SRAM) 742. The EEPROM 744 is 
used to store various settings of the cellular phone 700. 

[0167] The VSRAM 742 is kept in the snooze state to pause the 
operations of the cellular phone 700. In this state, the VSRAM 742 
automatically carries out internal refresh, so that data in the VSRAM 742 
10 can be held. The memory chip 10 of the embodiment has a relatively large 
capacity and thus advantageously holds a mass of data, such as image data, 
for a long time period. 

[0168] While the invention has been described with reference to 

preferred exemplary embodiments thereof, it is to be understood that the 

15 invention is not limited to the disclosed embodiments or constructions. On 
the contrary, the invention is intended to cover various modifications and 
equivalent arrangements. In addition, while the various elements of the 
disclosed invention are shown in various combinations and configurations, 
which are exemplary, other combinations and configurations, including more 

20 less or only a single element, are also within the spirit and scope of the 
invention. 
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